A procedure for using the eigenvectors of the elements of the representations of a discrete group in model building is introduced and is used to construct a model that produces a large reactor mixing angle, sin
, in agreement with recent neutrino oscillation observations. The model fully constrains the neutrino mass ratios and predicts normal hierarchy with the light neutrino mass, m1 ≈ 25 meV. Motivated by the model, a new mixing ansatz is postulated which predicts all the mixing angles within 1σ errors.
Introduction: We use the group SU (3) and its discrete subgroup S 4 for model building. Both of these groups had been studied extensively as flavour symmetry groups, e.g. [1] [2] . The S 4 group has the presentation [3] a, b|a 2 = b 3 = (ab) 4 = e .
S 4 is the symmetry group of the cube ( 
Here the basis vectors e 1 = (1, 0, 0) T , e 2 = (0, 1, 0)
T and e 3 = (0, 0, 1) T form the symmetry axes of the cube passing through face centres. If we define the left-handed leptons, L = (L e , L µ , L τ )
T where L e = (ν eL , e L ) T etc., as a triplet in this basis, the flavour states L e , L µ , L τ correspond to e 1 , e 2 , e 3 respectively. Usually in models a set of flavons are introduced whose vacuum expectation values (vevs) produce the desired texture for the fermion mass matrices. In other words, the orientation of fermion flavour states as well as the flavon vevs in the flavour space determines the form of the mass matrices. Axes of the orientation preserving rotations of the cube are nothing but eigenvectors of the corresponding rotation matrices with eigenvalue equal to +1. The basis vectors e 1 , e 2 and e 3 are examples. There are also other vectors like the ones passing through the opposite edge centres (e.g. axis a in Fig. 1 ) and the ones passing through the opposite vertices (e.g. axis b in Fig. 1 ). Compared to vectors pointing in random directions, these vectors are "special" in the context of the S 4 symmetry. The rotation matrices are unitary and so their eigenvalues in general are complex numbers with unit modulus. If nondegenerate, these eigenvalues also correspond to unique eigenvectors and the author argues that these eigenvectors are also "special" like the rotation axes.
As an example consider v = . Since e iθ v, where e iθ is an arbitrary phase, is also a normalised eigenvector, we impose the following condition to uniquely fix the phase: The component of the eigenvector in the direction of one of the basis vectors should have zero phase ie. arg(v † e i ) = 0, where i = 1, 2 or 3. This is intuitive since the basis vectors are used to define the fermion flavour states. Imposing the above mentioned phase condition, the allowed choices for v are
(ω, ω, 1) T . Let g represent an element of the group and l be one of its non-degenerate eigenvalues. The corresponding "special" eigenvector, eig(g, l) i , is defined using the following normalisation condition and the phase condition:
For example, the basis vector e 3 is eig(ab, 1) 3 where
represents π 2 -rotation about Z-axis. We define the group elements The matrix c represents π 2 -rotation about Y-axis. The matrix d represents π-rotation about the axis which lies in the X-Z plane and which is perpendicular to axis a , ie. just like axis a , this axis also passes through a set of opposite edge centres of the cube. The eigenvectors of a, b, c and d which will be later used in model building are listed below:
The fermion fields and a set of postulated flavons belong to specific representations of G f as shown in Table I . The U (1) group is introduced to ensure that the flavons couple to only the desired fermions. We write the mass terms at the lowest order, containing the fermions and the minimum number of flavons, invariant under G f and the SM gauge group. The eigenvectors of the elements of the S 4 subgroup of the SU (3) group are used to construct the vevs of the flavons. These vevs produce the required mass matrices.
L eR µR τR νR φe φµ φτ φ ξ1 ξ2 The tensor product expansion of the fundamental representations of SU (3) are
For the charged leptons, the lowest order mass term is
where y α are the coupling constants, H is the SM Higgs, Λ φ l is the cut-off scale for the flavons φ e , φ µ and φ τ . The S 4 group has four irreducible representations: 1, 2, 3 and 3 [6] . The orientation preserving rotations of the cube discussed earlier belong to 3 . The flavon triplets φ e , φ µ and φ τ belong to the representation 3 of SU (3) 1 .
The restriction of the representation 3 of SU (3) to its subgroup S 4 is the representation 3 of S 4 . Therefore the "special" eigenvectors of the representation matrices of 3 of S 4 are used to construct the vevs of the flavons. We assign:
where the angular brackets are used to denote vevs. We do not discuss the mechanism of flavour symmetry breaking in this paper. To avoid Goldstone bosons, it is necessary to add explicit symmetry breaking terms for the flavon potentials, which break the continuous flavour group G f , Eq. (7), into an unknown discrete group. The flavon vevs spontaneously break this discrete flavour symmetry. Also the Higgs vev, (0, h o )
T , breaks the weak gauge symmetry. After the symmetry breaking, the charged-lepton mass term, Eq. (9), takes the form
where
etc. The chargedlepton mass matrix, T † M d , when left-multiplied with T , is diagonalised giving the charged-lepton masses m e , m µ , m τ . T is the Trimaximal mixing matrix [7] .
For the neutrinos, the lowest order Dirac mass term is
whereH is the conjugate Higgs, y w is the coupling and Λ ξ1 is the cut-off scale for the flavon ξ 1 . The flavon ξ 1 belongs to the representation 6 of SU (3) 1 and can be written as a 3 × 3 complex-symmetric matrix. The restriction of 6 of SU (3) to the S 4 subgroup is the direct sum of 1, 2 and 3 of S 4 . We assign a very simple choice of vev for ξ 1 where 2 and 3 parts vanish, ie. ξ 1 becomes the identity when written in the matrix form. After the symmetry breaking, the Dirac mass term, Eq. (13), takes the form
The lowest order Majorana mass term for the neutrinos is
where Λ ξ2 and Λ φ are the cut-off scales for the flavons ξ 2 and φ respectively. Note that φ transforms as a 3 under both SU (3) 1 and SU (3) 2 . Therefore φ can be written as a 3 × 3 matrix, φ ij , the row index i representing SU (3) 1 and the column index j representing SU (3) 2 . The flavon ξ 2 belongs to the representation6 of SU (3) 2 . A6 of SU (3), just like a 6, contains a 1, a 2 and a 3 of the S 4 subgroup. As was done earlier for the case of ξ 1 , here we assign ξ 2 also to be equal to the identity. After the symmetry breaking, the Majorana mass term, Eq. (15), takes the form
T is complexsymmetric and φ φ T contains all the interesting physics in our model.
To assign vev for the flavon φ ij , we use (
The group (S 4 ) 1 × (S 4 ) 2 has 24 × 24 = 576 elements. Let g 1 and g 2 be the elements of (S 4 ) 1 and (S 4 ) 2 respectively. If v 1 and v 2 are the eigenvectors of g 1 and g 2 corresponding to the eigenvalues a 1 and a 2 , then the direct product v 1 × v 2 will be an eigenvector of g 1 × g 2 with an eigenvalue a 1 a 2 . Now we make the following assumption: 
in matrix form, where the row and the column indices of the matrix correspond to the (S 4 ) 1 and the (S 4 ) 2 indices respectively .
From Eq. (16) and using Eq. (19) we get the Majorana mass matrix
It can be shown that the matrix T † M Maj T * , with M Maj given in Eq. (21), is a highly constrained form of the complex-symmetric "Simplest" texture [9] .
From Eq. (14) we get the Dirac mass matrix
where I is the 3 × 3 identity matrix. If m G >> m w , then M Maj >> M Dir resulting in the type-1 see-saw mechanism. The resulting effective see-saw mass matrix [10] , M ss , is given by
From Eqs. (20-23), we get
The unitary matrix
with
diagonalises M ss given in Eq. (25). In other words we have
where m 1 , m 2 and m 3 are the neutrino masses given by
.
From T and U ν we obtain the PMNS matrix, U:
U , given in Eq. (34), is a constrained form of the Trichimaximal (TχM) mixing [11, 12] with χ = π 16 :
The modulus sign, as given in Eq. (35), is used throughout this paper to indicate that the expression for the mixing matrix is valid only upto right and left multiplication with diagonal phase matrices (which do not affect the phenomenon of neutrino oscillation). The right multiplying diagonal phase matrices, like P in Eq. (34), do contribute to Majorana phases, the study of which is beyond the scope of this paper. From Eq. (35) and using Eq. (36) we get
From Eqs. (33) we get the ratios of the neutrino masses,
These ratios are consistent with the mass-squared differences measured experimentally [13, 14] within 1σ errors and thus we can predict the unknown light neutrino mass:
24.7 meV m 1 25.5 meV.
Let x = i n where n is an integer and let
Using Φ x , Eq. (19) can be rewritten as
In the following sections we discuss three more cases where φ = Φ * −1 , Φ * −i and Φ * 1 respectively. In all these cases, we obtain the same expressions for the neutrino masses as given in Eqs. (33). The expressions for θ 13 , Eq. (37), and θ 12 , Eq. (38), also remain unchanged.
and
In this case, we get
The resulting PMNS matrix
is a constrained form of the Triphimaximal (TφM) mixing [11] with φ = − 
From Eq. (52) and using Eq. (53) we get
Case 3: The relevant equations are given below: 
Case 4: The relevant equations are given below:
The values predicted by all the four cases of the model are within 3σ errors of the experimental best fits [13] [14] [15] . In fact the generic prediction sin 2 θ 13 = 0.025, Eq. (37), is within 1σ errors. However the global analysis [13] shows more than 2σ tension with sin 2 θ 23 = [14] and [13] respectively. All the cases predict sin 2 θ 12 = 0.342, Eq. (38), which is at the edge of the 2σ error range in [13] . A new mixing ansatz called the VS mixing [16] is proposed in the following section which modifies θ 12 as well as δ CP . The VS Mixing Ansatz: The mixing obtained using the model, Eqs. (34, 51, 62, 72), is of the form
The matrix |T B 2 I n | gives the Tribimaximal (TBM) mixing [17] . Multiplying T B 2 I n with B 2 EB T 2 mixes the first and the third columns of the TBM matrix giving the non-zero value for θ 13 in the four cases described in the previous sections. Now we may further mix the first and the second columns of the mixing matrix given Eq. (76). This leaves the last column and as a result θ 13 and θ 23 unaffected. The resulting new ansatz is defined by 
We get sin 2 θ 12 within 1σ errors for 0.08π α 0.26π. Table 2 lists a few cases of the VS mixing along with the predicted values of the mixing angles. The author finds the choice α = π 8 to be aesthetically pleasing. When α = π 8 we get E = E and also c = c, s = s. 
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